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We demonstrated a frequency offset locking between two laser sources using a waveguide-type
electro-optic modulator (EOM) with 10th-order sidebands for magneto-optical trapping of Fr atoms.
The frequency locking error signal was successfully obtained by performing delayed self-homodyne
detection of the beat signal between the repumping frequency and the 10th-order sideband compo-
nent of the trapping light. Sweeping the trapping-light and repumping-light frequencies with keeping
its frequency difference of 46 GHz was confirmed over 1 GHz by monitoring the Doppler absorp-
tion profile of I2. This technique enables us to search for a resonance frequency of magneto-optical
trapping of Fr.
I. INTRODUCTION
The francium atom, which is the heaviest alkali el-
ement, has advantages as regards examination of the
electron electric dipole moment (EDM) [1] and measure-
ments of atomic parity nonconservation (APNC) [2, 3].
The Fr atom exhibits high signal sensitivity because of
the large effective electric field due to the large nuclear
charge. The enhancement factor of a Fr atom for electron
EDM is approximately 900 [4, 5], and the E1 amplitude
for a nuclear-spin-independent APNC in a Fr atom is ap-
proximately 17 times larger than that of a Cs atom [4].
The finite value of the electron EDM serves as the sig-
nature of violation of both parity (P ) and time-reversal
(T ) invariance and APNC provide the signature of P vi-
olation. Searches for the violations of fundamental sym-
metries are important for evaluating a variety of the new
physics beyond the Standard Model [6].
In conventional experiments using atomic and molec-
ular beams [7–10], systematic errors and short interac-
tion time of the atoms/molecules with the applied elec-
tric field are major obstacles restricting the measurement
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sensitivity. Laser-cooled and trapped atoms elongate an
interaction time between the atoms and applied electric
field [11]. Therefore it is expected to improve the mea-
surement sensitivity of the EDM and APNC. Moreover,
this method reduces the atomic velocity and confines the
atoms within a small region, which suppresses several
systematic errors. At present, we are conducting a high-
sensitivity search for the electron EDM using laser-cooled
Fr atoms [12–15]. Radioactive Fr is produced by a nu-
clear fusion reaction in a heated Au target bombarded
by a beam of accelerated 100 MeV 18O5+ at the Cy-
clotron and Radioisotope Center. The maximum yield
of Fr beam is estimated to be about 106 ions/s. Fr has
also been produced at other facilities using different tech-
niques [1–3, 16].
To stabilize the laser frequency of a magneto-optical
trap (MOT), the frequency reference, such as signals ob-
tained by saturated absorption spectroscopy of atoms, is
generally required for the frequency stabilization of the
trapping light. It is also typically necessary for the re-
pumping light in order to stabilize its frequency. How-
ever, Fr atomic vapor cells as frequency references are not
available because no stable Fr isotopes exist. To search
for the resonance frequency, the frequency of trapping
light was scanned over a 60 MHz range at 0.5 MHz/s
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2FIG. 1. (a) Energy diagram of D2 transitions of 210Fr atom.
The black (gray) arrow represents the transition of trapping
(repumping) light. (b) Frequency relation and laser frequency.
νt is the trapping frequency, ν10 is the 10th sideband of trap-
ping light. νr is the repumping frequency. The frequency
difference between νr and ν10 is typically less than 1 GHz.
by monitoring the fluorescence of Fr and the Doppler-
broadened absorption signal of I2 for first MOT of Fr [2].
The frequency of repumping light is scanned over 500
MHz at a rate of 4 kHz [17]. In these experiments, the
frequencies of trapping and repumping lights are scanned
independently. By contrast, the frequency of trapping
(repumping) light in Fr experiment is stabilized by us-
ing the scanned Fabry-Pe´rot cavity. The length of cavity
is scanned to monitor and keep the frequency difference
between the trapping (repumping) light and I2-stabilized
He-Ne laser [3, 18]. The cavity with transfer laser is also
utilized to determine the frequency difference [19]. How-
ever, the transfer cavity technique is not useful to search
for a resonance frequency of MOT of Fr by sweeping the
trapping-light and repumping-light frequency with keep-
ing its frequency difference of 46.1 GHz.
In this paper, we demonstrate a frequency offset lock-
ing with 46 GHz between the trapping and repumping
light beams, for the magneto-optical trapping of Fr atoms
using an electro-optic modulator (EOM). A frequency-
offset locking technique can lock the frequency difference
between the two laser sources to a constant value [20].
This locking is used for frequency stabilization and also
as a means of scanning both lasers simultaneously, while
maintaining a constant frequency difference within a cap-
ture range. Here, the capture range is the range in which
the frequency of one laser follows the frequency sweep
of the other with a 46-GHz frequency difference, using
a servo loop. The offset locking technique offers alterna-
tive method to stabilize the laser frequencies for Fr MOT
experiment.
FIG. 2. Schematic of frequency offset locking experimental
setup.
II. EXPERIMENT
The frequency difference between the hyperfine split-
tings of 7S1/2 of a
210Fr atom is 46.768 GHz, as shown in
Fig. 1(a). The frequency difference between 7P3/2, Fe =
15/2 and Fe = 13/2 is 617 MHz [21]. Here, Fg and Fe
represent the total angular momenta of the ground and
excited states, respectively. Therefore, as the beat fre-
quency between the trapping and repumping light beams
is about 46.1 GHz (which includes a red-detuning of sev-
eral tens of MHz for MOT), the beat frequency of 46.1
GHz has to be detected. However, it is difficult for a
photodetector to detect a 46-GHz frequency directly. On
the other hand, if one generates the sideband frequency
with 46 GHz of trapping light and locks the frequency
difference between this sideband and repumping light fre-
quency, it is easy to lock the frequency difference between
the trapping and repumping lights. However, in general,
it is difficult to generate frequency components with 46
GHz at the first-order diffraction or sidebands through
an acousto-optic modulator or an EOM. Here, instead
of directly generating a first-order 46-GHz sideband, we
use the EOM, which can generate a 46-GHz component
as a 10th-order sideband by injecting the radio frequency
(RF) of 4.6 GHz into the EOM, as shown in Fig. 1(b).
The frequency difference between the repumping light
and 10th-order component of the trapping light is typi-
cally less than 1 GHz, which can be easily observed as
a beat signal using a standard-fast-silicon photo detec-
tor. The error signal can be obtained via the delayed
self-homodyne detection of the beat signal. Stabiliza-
tion of frequency difference between the repumping-light
frequency and 10th sideband of trapping-light frequency
causes the offset locking of 46.1 GHz. This provides a
simple and low cost method of maintaining a constant
frequency difference of 46.1 GHz between the two laser
sources.
The experimental setup is depicted in Fig. 2. A
single-frequency Ti:sapphire (Ti:S) laser source (Coher-
ent, MBR-110) for the trapping light was tuned to the
3FIG. 3. Optical spectra measured by PD1 for (a) the trap-
ping light without EOM modulation, (b) the trapping light
modulated by 4.6-GHz RF with 37.1-dBm power, and (c) the
repumping light.
7S1/2 (Fg = 13/2) − 7P3/2 (Fe = 15/2) D2 transition
of the Fr atom, with a wavelength of 718.216 nm. The
output power of the Ti:S laser was 3.5 W for a pump
laser light output power of 18 W at 532 nm. After pass-
ing through a Faraday isolator (FI), part of the laser
beam was reflected by a beam splitter (BS) and input
into a wavelength meter (WM). The transmitted laser
beam was divided into two beams for magneto-optical
trapping of the Fr atoms and frequency offset locking by
a polarizing beam splitter (PBS). The latter was phase-
modulated using a polarization-maintaining fiber (PMF)-
coupled EOM (Photline Technologies, NIR-MPX800-LN-
05), which was driven by an RF synthesizer with a fre-
quency of 4.6 GHz to generate sidebands in an optical
spectrum. The EOM consists of a single-pass waveguide
and possesses low driving voltage and large modulation
bandwidth [22]. The sideband frequencies ν±n generated
by the EOM were labeled νt ± nνrf , where νt and νrf are
the trapping frequency and RF from the synthesizer, re-
spectively. Further, ±n indicates the order of the positive
or negative sideband (n = 0, 1, 2, · · · , ν0 corresponds to
the trapping frequency), and (+)n indicates a higher fre-
quency than the trapping frequency. The RF power input
to the EOM was amplified by an RF amplifier (RFHIC
Corporation, RUM43020-10) up to approximately 37.1
dBm, so as to yield the ±10th-order frequency sideband
components. The power of incident light into the EOM
was 4.5 mW, and the power of transmitted light was typ-
ically 0.78 mW (17% transmission efficiency). Note that
the low transmission efficiency is due to the fact that the
718-nm wavelength is outside the specified range of the
product [23].
Further, we employed a Littrow-type external-cavity
laser diode (ECLD, TOPTICA Photonics) as the re-
pumping light source. The wavelength of the light was
tuned to the 7S1/2 (Fg = 11/2) − 7P3/2 (Fe = 13/2)
FIG. 4. Output intensities of 0th- and 10th-order components
as functions of RF input power. The open (filled) circle in-
dicates experimental data for 0th (10th) order. The dashed
(solid) line is the 0th (10th)-order Bessel function fit to the
data. Both intensities are normalized as the intensity of 0th-
order without RF input power is one.
transition at 718.137 nm and its output power was 36
mW. The laser beam from the ECLD was split by a PBS
after it passed through a FI and a BS, and it was input
into a PMF using a fiber coupler (FC).
The trapping and repumping lights that is outgoing
from the PMFs on output of EOM were divided into two
beams and overlapped by a 50:50 non-polarizing beam
splitter (NPBS). They were detected by photodetector
1 (PD1) after passing through a cavity ”FPC1”, so as
to monitor their spectra, and by photodetector 2 (PD2,
Thorlabs FPD310-FV), so that the beat signal could be
observed. The PD2 is useful for detection of laser power
modulated with high frequency ranging from 1 MHz to
1.5 GHz. The signal to noise ratio of the beat signal
was about 50 dB, and the obtained 3dB linewidth of the
beat signal between the carrier and ECLD (the 10th side-
band and ECLD) was about 1.0 MHz (1.2 MHz) observed
by using a spectrum analyzer with the resolution band-
width (RBW) of 300 kHz and the sweep time of 10 ms.
FPC1 consisted of two mirrors (Layertec, #110371) with
99% reflectivity and 12.7-mm diameter. As the distance
between the two mirrors was 1.5 mm, the free spectral
range of the cavity was estimated to be ∼ 100 GHz. The
cavity length could be varied using a hollow-piezoelectric
actuator. Further, the electric signal output from PD2
was amplified by 20 dB and subsequently mixed with
the signal output from a function generator (FG) us-
ing a double balanced mixer 1 (DBM1, shown in Fig.2).
The polarization of the repumping light was adjusted by
a half-wave plate (λ/2) in order to maximize the beat
signal between the two laser lights. As we confirmed
the 10th-order sideband only, we consider the beat fre-
quency νr − ν10 in the following. The output frequen-
cies from the DBM1 (shown in Fig.2) were represented
by ∆± = | (νr − ν10) ± νfg|, where νr and νfg are the
4FIG. 5. Error signals as functions of beat frequency between
10th-order and repumping components for a 1-m cable length.
The attenuated amplitude of the cosine curve was caused by
the limited bandwidth of PD2.
repumping and output frequencies from the FG, respec-
tively. The signal was split into two by a power splitter
(PS) and one part was delayed by a 1-m-long coax cable
(indicated as ”Delay cable”), before both signals were re-
combined by a second DBM (DBM2) again. (Note that
the length of shorter path is almost negligible because
the PS and DBM2 is directly connected, concerning the
port of shorter pass.) The signal mixed by the DBM2
was expressed as [20]
cos (2pi∆±t)× cos{2pi∆± (t+ τ)}
=
1
2
[cos{2pi∆± (2t+ τ)}+ cos (2pi∆±τ)] , (1)
where τ represents the delay time, which is depen-
dent on the difference in length between the two ca-
ble. The obtained output voltage varied as a function
of cos (2pi∆−τ) [20] because the higher harmonic com-
ponents in the equation were suppressed considerably by
passing through a 1-MHz low-pass filter (LPF). The er-
ror signal was input into a proportional-integral circuit
(PIC) and then fed back to the piezoelectric driver for the
ECLD, in order to fix the frequency difference between
the two light sources.
III. RESULTS
To confirm sideband generation for the trapping light
after the beam had passed the EOM, we first measured
the output powers from FPC1. The results are shown
in Fig. 3. The frequency, which is shown on the hori-
zontal axis, was obtained by adjusting the cavity length.
Its width corresponds approximately to the FSR. Figure
3(a) shows the trapping frequency without RF input to
the EOM. No sideband components are apparent. In con-
trast, ±10th-order sideband components appeared with
FIG. 6. (a) Frequency measurement of repumping light by
monitoring the DAP of I2 during the offset locking to the
trapping light frequency. The inset shows the DAP obtained
by scanning the repumping frequency. The dot in the inset
represents the initial position of the repumping frequency. (b)
Repumping transmission intensity obtained from DAP slope.
(I) Free running. (II) Repumping light frequency locked to
trapping light. (III) Repumping frequency is swept by sweep-
ing the frequency of trapping light. An arrow indicates the
1-GHz range.
an RF signal input of 37.1 dBm to the EOM, as shown in
Fig. 3(b). The frequency difference between the neigh-
boring peaks was 4.6 GHz (±5th and ±8th-order side-
band peaks do not appear at this RF power), and the
intensities of the sidebands of each order agreed with the
corresponding Bessel function. The power ratio of the
10th- to the 0th-order components without modulation
was approximately 10%. The repumping frequency in
Fig. 3(c) was 46 GHz from the trapping frequency and
almost corresponded to the 10th-order sideband compo-
nent. A beat signal of a few hundred MHz, which was
produced by the interference between the two beams, was
observed at PD2. The input powers of the trapping and
repumping beams to the cavity were 720 and 60 µW,
respectively.
We then observed the peak intensities of the 0th- and
10th-order sideband components of the trapping light as
functions of the input RF power, as measured by PD1.
The result is shown in Fig. 4. When the RF power input
to the EOM was in the range from 34 to 40 dBm, the
10th-order components appeared. The signal intensities
were in good agreement with the theoretical curves given
by 0th- and 10th-order Bessel functions. The intensity
ratio of a single 10th-order component to the 0th-order
without RF power was estimated to be approximately
10% at 38 dBm.
The output voltage after passing through the LPF af-
ter DBM2 is shown in Fig. 5, as a function of beat fre-
5quency of νr − ν10. The incident powers of the trapping
and repumping lights on PD2 were 0.4 and 1.5 mW, re-
spectively, and the peak spectral power at the 200-MHz
beat signal detected by the RF spectrum analyzer was
approximately -12.5 dBm. The input signal from the FG
was fixed at 100 MHz for the measurement. As the τ
caused by a cable length of 1 m is 5 ns, the frequency
of cos (2pi∆±τ) is 200 MHz, which almost corresponds to
202.7 MHz, which is the observed frequency of periodic
signal in Fig. 5. This slight difference means that the
time difference is shorter by 0.07 ns than 5 ns expected
for 1m-cable, which caused from the SMA plug-to-plug
connector with length of 1.5 cm on shorter pass between
the PS and DBM2. The zero-crossing voltage provides
the error signal, which allows for frequency locking using
the PIC. In Fig. 5, there are 9 crossing points, which
are useful for frequency locking. The zero-crossing posi-
tions can be tuned precisely by adjusting the frequency
produced by the FG.
To confirm that the frequency difference between the
trapping and repumping lights was locked during the fre-
quency of trapping light is sweeping, we then obtained
the absorption spectrum of I2. The simple setup used in
this experiment is schematically illustrated in Fig. 6(a).
The repumping wavelength was tuned to 718.152 nm,
which matches the slope of the Doppler absorption profile
(DAP) of the vibrational-rotational transition of I2 [24]
(see Fig. 6(a), inset). This absorption line of I2 is close
to the Fr repumping transition. As the frequency differ-
ence between the 10th-order component of the trapping
and repumping lights was fixed by the feedback signal to
the ECLD from the PIC, the repumping beam frequency
followed the frequency sweep of the trapping light to keep
the beat frequency constant. The light from the ECLD
passed through an I2 cell and was subsequently trans-
ferred to a third photodetector (PD3). The input power
was 60 µW, and 20-cm-long cell was heated to 573 K.
When the repumping frequency was positioned at the
center of the slope, the frequency change was converted
into the amplitude based on the values detected using
PD3. Figure 6(b) shows the transmitted intensity of re-
pumping light, which relates to the repumping frequency
via the slope of DAP. After the repumping frequency was
offset-locked, the trapping frequency was swept by a tri-
angular waveform voltage with a repetition frequency of
1 Hz, as shown in the range (III), which is from 9 to 17
s on the horizontal axis, in Fig. 6 (b). It was confirmed
that the frequency of the repumping light, as monitored
by PD3, was also swept by the triangular waveform with
1-Hz repetition frequency. The scanned frequency width
was estimated to be approximately 1 GHz based on the
DAP voltage, which corresponds to the sweeping width
of the trapping frequency. The maximum capture range
was 1.4 GHz in the case of the 1 m cable length. This
capture range is limited by mode hop of the repumping
light frequency because this ECLD is in a Littrow config-
uration. If one uses a Littman configuration, the capture
range will be extended to be more than 30 GHz, which
is limited by Ti:Sapphire laser (trapping light source).
IV. CONCLUSION
We performed the laser frequency locking with 46
GHz offset using an EOM with 10th-order sidebands for
magneto-optical trapping of Fr atoms. The error sig-
nal related to the beat frequency between the 10th-order
component and the repumping was obtained using the de-
layed self-homodyne detection technique. Sweeping the
trapping-light and repumping-light frequency with keep-
ing its frequency difference of 46 GHz was confirmed over
1.4 GHz by monitoring the Doppler absorption profile of
I2. This technique enables us to search for a resonance
frequency of magneto-optical trapping of Fr.
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